We propose a high signal-to-noise extended depth-range three-dimensional (3D) profilometer projecting two linear-fringes with close phase-sensitivity. We use temporal phase-shifting algorithms (PSAs) to phase-demodulate the two close sensitivity phases. Then we calculate their phase-difference and their phase-sum. If the sensitivity between the two phases is close enough, their phase-difference is not-wrapped. The non-wrapped phasedifference as extended-range profilometry is well known and has been widely used. However as this paper shows, the closeness between the two demodulated phases makes their difference quite noisy. On the other hand, as we show, their phase-sum has a much higher phase-sensitivity and signal-to-noise ratio but it is highly wrapped. Spatial unwrapping of the phase-sum is precluded for separate or highly discontinuous objects. However it is possible to unwrap the phase-sum by using the phase-difference as first approximation and our previously published 2-step temporal phase-unwrapping. Therefore the proposed profilometry technique allows unwrapping the higher sensitivity phase-sum using the noisier phasedifference as stepping stone. Due to the non-linear nature of the extended 2-steps temporalunwrapper, the harmonics and noise errors in the phase-difference do not propagate towards the unwrapping phase-sum. To the best of our knowledge this is the highest signal-to-noise ratio, extended depth-range, 3D digital profilometry technique reported to this date. CIO, Leon Guanajuato, Mexico. 15 April 2017. 
Introduction
Fringe-projection profilometry is well known and has widely been used for many years to obtain the form of solids in optical metrology [1, 2] . Here we present an extended depth-range fringe-projection profilometry technique which uses two close-sensitivity fringe-patterns. It uses the well known concept of equivalent lambda interferometry [3] . Early doublewavelength interferometric experiments used two close laser wavelengths 1 2 { , }
for optical testing of aspheric wavefronts [3] [4] [5] [6] . Wyant used [3] two close laser-wavelengths 
Given that 1 2    , the equivalent wavelength eq  is much larger than either 1  or 2  , i.e. 
eq W x y W x y W x y
Being ( , ) W x y the optical wavefront. Double-wavelength interferometry was improved by Polhemus [4] and later on by Cheng [5, 6] using digital phase-shifting phase-demodulation. Afterwards Onodera et al. used Fourier phase-demodulation methods for profiling structures with equivalent lambda depth size [7] . Unfortunately, the demodulated phase was oversmoothed due to the over filtering of too close Fourier diffraction orders [7] . This in turn was followed by a large number of double-wavelength Fourier and phase-shifting phasedemodulation methods in such diverse applications as double-wave holographic microscopy ]8], extended range optical metrology [9] , two-step digital holography [10] , multiwavelength extended-range contouring [11] , and two-wavelength surface profiling [12] . Even though these methods [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] were applied to a variety of different experimental situations, all of them share the same mathematical background which may succinctly stated as follows: given two laser-interferometric phases 1 1 ( , ) ( 
In this way researches may claim having high depth-range measuring capabilities and having an additional bonus that they do not required any phaseunwrapping.
Laser dual-wavelength interferometric theory has been applied to three-dimensional (3D) fringe-projection profilometry and contouring [13] [14] [15] [16] [17] [18] [19] [20]  from the same fringe data, but they did not see any reason or necessity of using the highly wrapped phase-sum [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] 
High depth-range profilometry using phase-difference and phase-sum
Digital fringe-projection profilometry is a well known technique that has been used for many years [1] . An experimental set up for three-dimensional (3D) profilometry of solids is shown in Fig. 1 . 
Wehere ( 
Phase-difference and phase-sum estimations for high depth-range profilometry
Using the least-squares 4-step phase-shifting algorithm we demodulate the fringes in Eq. (3) [2] obtaining the complex-valued analytic signals,
.
n A x y e e I x y n e A x y e e I x y n e  rad.) is the minimum number of fringe-patterns [2] . However increasing to 4-steps (phase-shift 2 /4  rad.) phase-shifted fringes one decreases substantially the harmonic content in the demodulated phase as Fig. 2 shows [2] . Then the following products are computed, 
The two fringe periods 2 p and 2 p are chosen close enough so the phase difference,
,
is not-wrapped i.e. 
is highly wrapped because it has the sensitivity of 1 
Extended-range temporal 2-steps phase unwrapping
In this paper, the non-wrapped ( 
The two conditions that need to be fulfilled for the above equation are, 
. 
Signal-to-noise ratio between the phase-sum and phase-difference
In practice the phase-shifting demodulated phases 1 ( , ) x y  and 2 ( , ) x y  are always corrupted by white Gaussian noise [26] . Therefore the demodulated phases are the sum of the solid's phase plus a measuring phase-noise as, E n x y E n x y E n x y E n x y R R E n x yn x y E n x yn x y
Where {} E  is the ensemble average of its argument [32] . Also it is assumed that the noise energy is low i.e. 
On the other hand we know that 2 ( , ) f x y d
Extended depth-range profilometry of a spherical metallic cap
A spherical metallic cap used as calibrating solid is shown in Fig. 3 . This is a regular photography, not a three-dimensional (3D) digital rendering. Fig. 3 . Photograph of the calibrating spherical metallic cap. Although this solid is smooth, it was digitized to demonstrate beyond any doubt, the high sensitivity gain of our 2-sensitivity profilometer compared to previous extended-range profilometry techniques.
In Fig. 4 we show the two close spatial-frequencies (close phase-sensitivities) linear-fringes projected on this spherical object. radians/pixel. In the lower row we have projected linear-fringes with a spatial frequency 2 2 /6 u   radians/pixel. The phase-sensitivity of the fringes with spatialfrequency 2 u is higher than the fringes at frequency 1 u . In Fig. 5 we show the phase-subtraction operation (upper row) and the phase-addition operation (lower row) of the two demodulated phases in Fig. 4 . The sensitivity gain G is then given by, Fig. 5 . The upper row graphically shows the phase-difference while the lower row shows their phase-sum. The phase difference has about 0.7 lambda sensitivity so it is not-wrapped. The phase-sum is however wrapped about 9-times.
That is, we have 13-times more sensitivity in the phase-sum ( , ) In the zoomed-in detail one may see the difference in noise amplitude corresponding to the noisier phase-difference in red, and the phase-sum in blue. Figure 8 shows our next object to be digitized; a spiral fluorescent lamp. This is a regular photography not a 3D digital rendering. Fig. 9 . Fig. 10 . The upper row shows the phase-difference operation while the lower row shows the phase-sum operation. The phase difference is not-wrapped. The phase-sum has however much higher phase sensitivity, so it is highly wrapped.
Extended depth-range profilometry of a fluorescent spiral light bulb
The sensitivity gain G in the spiral-lamp case is given by,
That is, we have 17-times more sensitivity in the phase-sum ( , ) S x y  compared to the phasedifference ( , ) D x y  . Fig. 11 . Three-dimensional (3D) digital rendering of the recovered unwrapped phase-sum. The left-side rendering is a gray-coded phase. For the right-side rendering we used a photograph of the lamp as rendering texture over the unwrapped phase-sum. Figure 11 shows the two-step extended-range temporal unwrapped-phase of the highest sensitivity phase-sum. Fig. 12 . We show a cut to compare the signal-to-noise gain between the phase-difference (in red), and the phase-sum (in blue). We have zoomed-in into the rectangle shown to clearly see the depression (in blue) at the joining of the two plastic pieces shown at the right photograph-detail. Figure 12 shows two phase-cuts of the digitized 3D rendering of the spiral fluorescent lamp. In the far right photograph a regular zoom-in photograph is shown to see the joint between these two plastic pieces. This plastic joint depression is hardly seen in the red-graph because it is immersed in measuring noise.
Summary
We have presented a two-sensitivity extended depth-range (or absolute phase) fringeprojection profilometry technique. This two-sensitivity profilometry method uses two sets of phase-shifted linear-fringe projections to obtain the phases 1 ( , ) As far as we know this is the highest sensitivity, highest signal-to-noise ratio 2-sensitivity profilometry technique to this day.
At the risk of being repetitive we want to clearly point-out the main contributions of this paper as follows, a) Previous dual-frequency close-sensitivity extended-range profilometers used just the phase-difference of two sets of fringe-patterns. Researchers had no motivation, interest and/or knowledge for using the phase-sum of their phase estimations to improve the signal-to-noise ratio of their profilometry measurements [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . b) The phase-difference of two close-sensitivity phase-modulated linear fringes has the advantage that no phase unwrapping is needed, i.e ( , ) (0,2 ) D x y    . That is why we believe, previous workers in this field stopped this far [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . c) But as shown herein, ignoring the phase-sum and relying on the phase-difference only, one gets a lower phase-sensitivity and noisier profilometry measurements. d) In contrast the phase-sum ( , ) S x y  has much higher phase-sensitivity and signalto-noise ratio but it is highly wrapped. Spatial phase-unwrapping of discontinuous or separated solids coded in ( , ) S x y  is therefore precluded. This is another reason (we believe) why previous researches had no interest in calculating the phase-sum. e) Different to previous efforts in this field, here we are productively combining the information provided by both: the non-wrapped low-sensitivity phase-difference ( , ) 
